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SUMMARY 



Static teats were made on two full-scale three -bladed : 
propellers differing only in "blade sections, at "blade angles 
from 0° to 20° at the three -quarters radius. The tests were 
made out-doors under conditions of low wind velocity. 

The data are analyzed on the "basis of a static thrust 
figure of merit, and by Driggs 1 Simplified Propeller Calculations, 
which is a single-point method of reducing propeller data to 
airfoil data. Static propeller data are reduced first to air- 
foil data, then reconverted to propeller efficiency as a function 
of advance ratio for the purpose of compering the NACA l6-series 
"blade section with the Clark Y "blade section. 

A comparison of the efficiencies computed from static data 
indicates that a propeller having l6 -series sections may give 
about three percent higher efficiency than a Clark Y propeller 
of similar "blade form, when the blade sections operate at tip- 
speed ratios of about M = 0 -9 or M = 1.0, at relatively high 
forward velocity. The propeller with Clark Y blade sections 
appears to be superior to that with the l6-senes sections for 
take-off and clirib • 



INTRODUCTION 

The tests described in this report constitute one phase of 
an investigation described in reference 1 to check flight tests 
made for the purpose of determining the relative merits of the 
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Clark Y and the l6~series Sections. The tests were made on 
propellers operating under the condition of zero forward velocity. 
Thrust and power were measured at various propeller tip speeds 
and blade angle settings. The propellers used were two 
Hamilton- Standard three-bladed propellers identical in all 
respects except blade sections. One propeller embodied the 
Clark Y blade sections, the other was made with the NACA 
16— series sections. 

£3 the static test conditions can not be universally 
representative of conditions of application, the absolute values 
obtained from these tests are not highly significant. The 
results, however, can be very useful for making qualitative 
comparisons of propellers tested under identical conditions. 

The purpose cf this investigation wa3 to determine the 
relative merits of the Clark Y propeller sections and the 
NACA 16— series sections at various propeller tip speeds. The 
propellers are compared on the basis of a static thrust -power 
figure of merit. A3 a further analysis, use is made of Driggs' 
Simplified Propeller Calculations, reference 2, for reducing the 
prcpeller characteristics to quasi airfoil characteristics. The 
airfoil polars so obtained are then reconverted into the propeller 
envelope efficiency as a function of the advance ratio. 

This investigation was made at the request of the Bureau 
of Aeronautics, Navy Department. The testing was done on the 
static test equipment of the propeller-research section of the 
National Advisory Committee for Aeronautics at Langley Field, 
Virginia. 



DESCRIPTION OF APPARATUS 



Teat rig.- The static propeller test rig used in this 
investigation, located out-doors, was essentially the came as 
that described in reference 3. The major difference in the 
sot-up is that for the present tests an air-cooled radial 
engine furnished the motive power. This engine required a 
nacelle larger than that used in the earlier tests and of 
somewhat different shape. A photograph of the set-up is 
shown in figure 1, and a schematic diagram in figure 2. 

Engine- and nacelle In this series of tests the propeller 
was driven oy a Pratt and Whitney R--I3I+O radial air-cooled 
engine. The power rating of this engine is 55O horsepower 
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at 2100 rpm. The propeller was driven directly at engine crank 
shaft speed and at low "blade angles was turned up to 2300 rpm. 
The rotational speed of the engine and propel]. ex" was measured 
with a condenser tachometer which was not in error "by more 
than ±1/2 percent , above 1000 rpm. 

The engine cowling-nacelle combination was arranged to give 
as good cooling as was compatible with relatively low impedance 
to the propeller slipstream. 

Propellers .- Two three-blaied Hamilton-Standard propellers 
differing only in blade section were investigated. The propeller 
designated by drawing number T ^as made with blade sections 

having the NACA lo-series airfoil profiles. These sections, 
described in reference k $ have relatively sharp leading and 
trailing edges, and have maximum thickness at the mid-chord 
station. They are designed to work efficiently at high speed 
by delaying the compressibility stall. The propeller identified 
by drawing number 6267A--I8 had conventional Clark Y propeller 
sections. The blade form curves for both propellers are shown 
in figure 3. Blade sections at the 0.70 § are shown in figure k. 
The 3ecticn at the 0.70 R station rather than that at the O.75 R 
was chosen because of the significance of the O.7O R station in 
Driggs* method of propeller analysis. 



TESTS 



Each test was made at one blade angle setting. Beginning 
at about 600 rpm, the net thrust, torque, and propeller 
rotational speed were measured simultaneously at various intervals 
until the highest speed obtainable under 2300 rpm was reached. 
Readings were taken at speed intervals of about 100 rpm at low 
speeds, and at much smaller intervals near the top speed. Each 
propeller was tested at a series of blade angles from 0° to 20° 
by intervals of approximately two degrees. The blade angle was 
measured at the three-quarters radius. Before and after each 
run the wind velocity was measured with an anemometer. Tests 
were made only when the wind velocity was less than five miles 
pur hour. 
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RESULTS 
Coefficients and Symbols 

The results of the static propeller teats are presented 
in terms of conventional coefficients. 

T 

Cm a , thrust coefficient 

P 

Cp = 1 power coefficient 

T = T - AD, effective thrust , pounds 

T, tons ion In propeller shaft, pounds 

AD, the force exerted by the propeller slipstream on the 
nacelle and struts, pounds 

P = 2 re n Q, engine power, foot pound,? per second 

Q, engine torque, pound-feet 

p, mass density of air, slugs per cubic foot 

n, propeller rotational speed, revolutions per second 

D = 2 P, propeller diameter, feat 

R, propeller tip radius, feet 

Crp/Cp, static thrust figure of merit 

M m ILILR. % tip— speed ratio 

c, sptfed . of sound in air. feet per second 

3 V/dDj advance ratio 

V, air cpeed, feet per second 

Cm 

T) - — J, propeller efficiency 
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q. = 1/2 p V 2 , dynamic pressure , pounds per square foot 

L, lift, pounds 

D, profile drag, pound3 

S, area, square feet 

C T k J±_ , lift coefficient 

Cp. = «J=L.- , profile drag coefficient 

Table 1 
. Description of the Figures 

1. Photograph, static propeller test rig. 

2. Diagram of static thrust and torque set-up. 
3 . Blade form curve-s .' 

h. Propeller "blade sections at the 0.70 R. 

5-8. Variation of static thrust and power with tip-speed 
ratio and "blade angle . 

9— 18. Static propeller characteristics as functions of blade 
angle . 

19-21. Comparisons of static thrust figures of merit. 

22. Lift and drag coefficients computed from static 
propeller characteristics. 

23-2*1-. Envelope efficiencies computed "by Driggo* method. 



4 



6 



DISCUSSION 



In this series of static propeller tests, made for 
comparing the Clark Y airfoil propeller section with the 
NACA l6-series section, tho independent variables used were 
blade angle and propeller rotational speed. Blade angle was 
fixed for each test, hence changes in propeller characteristics 
during a rim must be attributable only to changing propeller 
rotational speed. At least three factors which affect the 
behavior of the propeller blade airfoil sections are functions 
of the rotational speed. Of first importance is the increase 
with tip-speed ratio of the Mach number at which the blade 
sections work, and the changes in blade section airfoil 
characteristics with Mach number. A secondary effect of 
increase in rotational speed is an increase in the Keynolds 
number at which the blade sections work. A third factor, of 
unknown influence, is the tendency of the propeller blade to 
discard by centrifugal force the retarded air composing the 
boundary layer. Both of the latter two factors have a bene- 
ficial influence on the performance of the blade sections. 
Even at a tip-speed much below that for normal operation 
most of the propeller sections work at values of the 
Eejmolds number greater than tho critical; hence, as the 
Eeynolds number is increased blade section profile drag 
coefficient is reduced and maximum lift coefficient is increased. 
The effect of centrifugal force on the air in the boundary layer 
may act to remove it, which would have the effect of delaying 
the normal stall. 

Apparently the only adverse effect accompanying high 
propeller tip speed is due to the behavior of airfoils in 
compressible flow as tho air speed approaches the velocity 
of sound. Wind— tunnel tests, reference 5. have shown that 
both tho lift and drag coefficients of an airfoil increase 
with increasing Mach number until a critical value is reached. 
This value is believed to be reached when the local air 
velocity at some point on the airfoil is equal to the velocity 
of sound. As the Mach number is increased beyond the critical 
value the lift coefficient decreases while the drag coefficient 
increases more rapidly than it does at eubcritical values of 
the Mach number. Only the net influence of the several factors 
is measured by static propeller tests. Therefore, the adverse 
effect of air compressibility on blade section behavior at high 
tip speed, being partially offset by beneficial factors 3 is not 
as fully discernible from static propeller tests as from wind— 
tunnol tests on airfoils. 
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While the tests were being made it was noticed during each 
run that the character of the noise emitrted. by tha engine and 
propeller began to change from a roar to a prr,otra J < to$ note at 
about l800 rpm. The propeller diameter was %&n fec&. $his may 
indicate that the first shock waves are set up at t&ei propeller 
tips at a tip speed ratio of about M = O.82. The region of the 
propeller blade tip producing a shook wave spreads Liwaroly as 
the tip speed-ratio increases. Since the highest velvto of J the 
tip-speed ratio obtained in those tests was M = 1.05, only those 
sections' at radii greater than O.78 3 wore working at a value 
of Moch ataaber greater than M 9 O.82. The effect of compressi- 
bility indicated in the figures was produced in most cases by a 
relatively small outer portion of the propeller blades. 

The basic pitch distribution for the propeller blades 
subject to these tests was 30° at the three-quarters radius. 
This pitch distribution will give highest propeller efficiencies 
within a range of advance ratio between J - 1.3 and J * 2.0. 
This high basic pitch distribution does not lend itself well 
to static propeller tests because of the great difference in 
angles of attack of the inboard sections from those of the 
tip sections. A high basic pitch distribution results in a 
tendency for a propeller in static tests to yield less thrust 
for a given power than a similar propeller with less blade 
twist. It is this fact which discredits the propeller polars 
and efficiency curves computed by the single-point method from 
the results of static tests, and confines their usefulness to 
qualitative comparisons. 

The variation of static thrust coefficients with tip-speed 
ratio shown in figures 5 and 6 verifies the results of wind-tunnel 
tests on airfoils. The increasing static thrust coefficient with 
increasing tip-speed ratio indicates that, when blade sections 
near the tip are working at positive lift, the lift coefficient's 
increase with increasing Mach number up to a certain point. The 
lower. rate of increase of the static thrust coefficient as tip- 
speed ratios approach unity indicate a decrease cf the lift • 
coefficients of sections near the blade tip as the Mach number 
at which they operate approaches unity. The rapid rise of the 
static thrust coefficients with increasing tip-speed ratio 
produced at the high blade angles even at low values of the 
tip-speed ratio may be attributable to Reynolds number effect 
and to the beneficial action of centrifugal force in throwing 
off dead air from the stalled region of the propeller. 

The variation of static power coefficient with tip-speed 
ratio, shown in figures 7 and 8, also agrees with wind-tunnel 
tests on airfoils. The slight decrease of the static power 
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coefficients with increasing tip-speed ratio at lew values of 
the tip-speed ratio may be due to decreasing drag coefficients 
of the "blade section with increasing Reynolds number . For the 
blade settings which yield positive lift near the tip, the 
gradually increasing power coefficients at tip-speed ratios of 
about M = 0.7 or M = 0.8 again indicate- the increase of 
lift and drag coefficients of airfoils working at Mach numbers 
below the critical. The sharper rise of the power coefficients, 
for all blade settings, ea the tip-speed ratio approaches unity 
is comparable to the rapid increase of airfoil drag coefficients 
as the Mach number approaches unity. 

' Figures 9 to l8, inclusive, are cross plot3 of figures 5 
through : 8 at tip-speed ratios of M = 0.5, 0.7, 0.9, 1-0, and 1.1. 
The static thrust and power coefficients and static thrust figure 
of merit are 3hown as functions of blade angle at the three- 
quarters radius. The fact that the static thrust figures of 
merit for the 1.6-series sections reach maxima, at slightly higher 
blade angles than the Clark Y sections may be accounted for by 
the higher angle of zero lift for the l6-series sections. 

The relative merits of the two propeller sections may be 
shown best by comparison of properties independent of blade angle. 
Figures 19 through 21 present comparisons of the static thrust 
figures of merit of the Clark Y and l6~series sections plotted 
against power coefficient at values of the tip-speed ratio of 
M = 0.5, 0.7, 0.9, 1.0, and 1.1. These chart3 show that in 
general the l6-series sections are superior to the Clark Y 
sections over a limited range of operation. Inasmuch as the 
l6--series sections were specifically designed to operate 
efficiently at high speed the extent of their superiority shown 
by these static tests is disappointingly 3mall. For both 
sections the values of the figure of merit reach a maximum at 
a tip-speed ratio between M ■ 0.7 and M = 0.9; hence, a 
propeller might be expected to operate most efficiently at a 
tiv speed ratio of M = 0.9 or slightly less. Figure 19 shows 
that there is almost no choice between the sections at M - 0.5 
and M = 0.7; the Ic-series section appears better through a 
small range at low values of the power coefficient, and the 
Clark Y 3lightly superior for all higher values of the power 
coefficient. 

The comparison of static thrust figures of merit in 
figure 20 is more favorable to the l6-series section. At M m 0.9 
the values of the static thrust figure of merit for the 16-series 
section exceed those for the Clark Y section by an average of 
about four percent over a comparatively large range of values 
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of power coefficient. At M =• 1.0- the superiority of the l6~series 
section averaged only about two percent, but in this case also 
the superiority held over a reasonably wide range of power 
coefficient values. Even at these tip-speed ratios, however, 
the superiority of the Clark Y section at Mfib power coefficients, 
that is, under 4 high 3oading, is unquestionable. Propeller 
efficiency is equal to the product of thrust figure of merit 
multiplied by advance ratio (r, = C T /C p x J). The value of the 

thruut figure of merit necessarily decreases as the advance 
ratio increases. If the relative values of the thrust figures 
of merit of the two sections do not change with advance ratio, 
about three percent greater efficiency may be exoocted of a 
propeller embodying the 1 6— series sections than from one made 
with Clark Y sections; when the value of tip-speed ratio is close- 
to M = 0,9 or M ^ 1.0. In static testd the axial velocity 
through the propeller Is relatively small. When a propeller is 
in actual operation advancing at a normal high speed, the blade 
section resultant velocity of rotation and advance is considerably 
higher than the velocity due to rotation alone and consequently 
the region of the propeller tip suffering a compres si onal loss 
extends considerably farther Inboard. The propeller losses at 
high tip~speed ratios indicated by static tests will most likely 
be exceeded in, flight . 

The static thrust figures of merit presented in figure 21 
indicate little difference between the behavior of the two 
sections at a tip-speed ratio of M ■ 1.1. Fince all of the values 
..at M = 1.1 wore obtained by extrapolation, the comparison at 
this tip speed :ratio is not conclusive . 

The lift and drag coefficients' computed by the method given 
in reference 2 from static propeller characteristics are presented 
as polars in figure 22. These of necessity yield the same 
information as the. static thrust figure of merit comparisons, 
though in a more easily interpret able form. This method of 
propeller blade section analysis regards the propeller as an 
airfoil acting at' the seven—tenths radius station. For both 
sections the value, of minimum drag' coefficient does not change 
much between values Of tip-speed ratio of M - 0. u < to M m 0.9. 
The drag coefficients increase rapidly with tip-speed ratio when 
these values exceed M = 0.9. ILiximum lift coefficient decreases 
continuously for both sections as the tip— speed ratio increases. 
The distinct early stall of the l6-series section again indicates 
the superiority under heavy loading of the Clark Y sections whicn 
attain higher -lift coefficients and stall more gradually. This 
leads directly to the conclusion that the Clark Y propeller Is 
superior to the lo-series propeller during take-off. This is in 
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agreement with the results of wind-tunnel tests reported in 
reference 1, Tho informatics obtained in the wind—tunnel at 
low values of the tip-speed ratio with regard to propeller 
stall during take-off apparently holds for all higher values 
of the tip-speed ratio. These polar? do not represent absolute 
values of the airfoil characteristics , "but are chiefly for the 
purpose of comparing the Clark Y and l6-series propeller 
sections. The unusually large values of the drag coefficients 
shown "by these polars may be due "both to the high pitch 
distribution of the propellers and to large impedance to the 
propeller slipstream by the cowling and nacelle. 

The propeller polar*3 shown in f igure 22 have been used in 
applying Driggs 1 method for computing propeller efficiencies. 
Since the polars show only relative value s, the computed 
efficiency curves likewise can show only relative values. 
The absolute values indicated near maximum efficiency are about 
ten percent lower than those obtained in wind— tunnel tests 
on the same propellers with a well streamlined body, refer- 
ence 1. Figures 23 and 2k are comparisons of the computed 
envelope efficiency curves of two propellers identical in all 
respects except blade section. The assumed power available 
is that which may be obtained from a Pratt and Whitney R-2800 
engine with the propeller geared to operate at one-half engine 
speed. In these computations the actual propeller tip-speed 
ratio was used rather than rotational tip— speed ratio. 

Figure 23 presents relative efficiencies at sea level. 
Due to tho low maximum lift coefficients obtainable with the 
16-series sections, the Clark Y propeller is superior at tho 
very low values of advance ratio encountered at take-off. At 
high values of the advance ratio whore the blade sections work 
at lower lift coefficients and where the effect of compressibility 
becomes noticeable the propeller having i6-series sections is 
Slightly more efficient. 

A comparison similar to that Just made is shown in figure 2^ 
for the conditions obtainable at an altitude of 19,500 feet. 
Since air temperature decreases with Increasing altitude., the 
acoustic velocity also decreases and. consequently tip— tpeed 
ratios increase. True tip speeds also Increase with altitude 
due to the higher forward speeds obtainable. Computations show 
that the propellers of airplanes now In ut;e at high altitude 4 
may be operating at tip-speed ratios of M = 1.2 or higher. 
The lower pair of curves in figure 2k shox^s a comparison of 
propellers having 16— series sections and Clark Y sections 
operating at true tip-speed ratios. Tho Clark Y propeller is 
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still superior at low values of the adv^ttoe ratio dve to tho small 
values of maximum lift coefficient obtainable with the lb-series 
sections. £t higher values of the advance ratio, however, where 
the "blade sections operate at lower lift coefficients the 16-serles 
sections 3hcw their superiority. For the example taken the 
propeller operates at a tip— speed ratio of M = 1.0 whexi the 
value of the advance ratio is J * 1.5. At this point, M - 1.0, 
where the data obtained in these tests are fairly reliable, the 
l6-series sections show up favorably, yielding a propeller 
efficiency about three percent higher than can be obtained with 
the Clark Y sections. At higher values of the advance ratio, 
where the tip-speed ratio was as high as 1.2, the computations 
depended upon extrapolation considerably beyond the range of the 
test data and are therefore not reliable for comparing the two 
sections. Use of this extrapolated data, however, gives a fair 
indication of the trend of the propeller efficiency at high 
values of tip-speed ratio and advance ratio. The two upper 
curves in f igure 2h were obtained by computations identical with 
those by which the lower curves were obtained except that the 
propeller polars for a tip-speed ratio of M = 0.5 were used. 
These curves show whp.t relative propeller efficiencies could 
be obtained if there were no loss due to compressibility. The 
differences between the curves for a tip-speed ratio of M = 0.5 
and the curves for the true tip-speed ratios indicate roughly 
the compressibility lo3s. 
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1. Both propellers gave highest values of the static 
thrust figure of merit at a tip-spe3d ratio between M = 0.7 
and M = 0.9; hence, in flight highest efficiency may be 
expected in the same range of tip— speed ratios. 

2. Propeller efficiency at high speed computed from these 
static propeller data indicates that at tip-speed ratios close 
to M = 0.9 the propoller having* 16-series sections yields aboub 
three percent higher peak efficiency than the propeller embodying 
Clark Y sections. 

3. The propeller having 16-Berles blade sections was found 
to stall at lower values of the lift coefficient than did the 
Clark Y propeller at all values of the tip-speed ratio. This 
agrees with low-speed wind-tunnel test 3 which indicate the 
superiority of the Clark Y propeller for take-off and cllirb. 

On the basis of these static tests the superiority of the Clark Y 
propeller for take-off and climb holds for all values of tip-speed 
ratio. 
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k. It is to be understood that the conclusions reached 
from these tests with regard to the lo-series sections apply 
only to sections designed to operate most effectively at lift 
coefficients between C L = 0.U0 and C L = O.^Q. 

5. It is probable that better take-off end climb operation 
could bo obtained from a l6-series wo-oeller designed to operate 
best at higher values of the lift coefficient than those for 
which the subject propeller was designed. 

6. Redesign of the l6~series propeller with greater blade 
aroa and for higher tip-speeds might produce a propeller with 
much better take-off characteristics with little sacrifice of 
efficiency at high speed. 



Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics, 
Langley Field, Va,, August 28, 19^1. 
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Figure 1.- Static propeller test rig. 
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~ Propeller blade sections ai the 0.70 R. 
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